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Perpendicular magnetic tunnel junctions (p-MTJs) that can be switched utilizing a bipolar 
electric field (E-field) have potential for extensive applications in energy efficient memory 
and logic systems. E-field effects relying on voltage-controlled magnetic anisotropy can lower 
the energy barrier of ferromagnetic (FM) layers for magnetization switching. However, this 
effect only works in a unipolar E-field, and a bias magnetic field or spin-polarized current is 
required for bidirectional magnetization reversal. On the other hand, the E-field is proposed 
to be able to tune the sign of the interlayer exchange coupling between two FM layers via 
modulation of the spin reflectivity at the interfaces. This suggests possibilities for bipolar E-
field controlled bidirectional magnetization switching, which has not been realized 
experimentally. Here we demonstrate bipolar E-field bidirectional switching of sub-100 
nanometer p-MTJs without bias magnetic field through a voltage-controlled exchange 
coupling (VCEC). A low critical current density ~1×105 A/cm2 is obtained, which is one order 
of magnitude lower than that of the best-reported STT devices. These results could eliminate 
the major obstacle in the development of MRAM for applications beyond its current use only 
for embedded memory.    
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Switching mechanisms such as spin-transfer torque (STT) and spin-orbit torque (SOT), which 
require a current flow, have attracted attention for the development of the spin memory and logic 
devices (1-4). So far, a relatively large switching current density (Jc) (Jc,STT~10
6 A/cm2, Jc,SOT~10
7 
A/cm2) is still needed for switching. Using an electric-field (E-field) to modify the magnetic 
anisotropy (MA) has been proposed as a promising way to efficiently switch the magnetization 
without current flow (5-15). An effect has been observed in bulk perpendicular magnetic materials 
(e.g. FePd) (6,16), but most efforts have focused on E-field effects on the interfacial perpendicular 
magnetic anisotropy (i-PMA) of thin ferromagnetic (FM) layers (e.g. Ta/CoFeB/MgO stack) (17-
22), and the use of this effect to switch perpendicular magnetic tunnel junctions (p-MTJs) (23-29). 
For these cases, an external magnetic field is required to break the time-reversal symmetry of the 
FM layer (13). Until now, electric field-induced and magnetic field-free bidirectional 
magnetization switching between parallel (P) and antiparallel (AP) states in p-MTJs has not been 
reported. 
Theoretically, when the E-field (or bias voltage, Vbias) is applied, electrons accumulate or 
deplete at the interface of the FM/dielectric heterostructure, shifting the Fermi level (EF) and 
changing d-orbital hybridization of the FM layer, thereby modifying the MA (30-36). It has been 
demonstrated experimentally in the NM/FM/MgO stacks (NM denotes non-magnetic layer) where 
a positive (negative) Vbias can enhance (decrease) the i-PMA due to the depletion (accumulation) 
of electrons in the FM/MgO interface with Vbias (17,19,21,24,33). Within the framework of 
second-order perturbation theory, magnitude of the MA for PMA materials can be defined by the 
following equation (35,37),  
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Here ( )o oE    and ( )u uE    are the occupied and unoccupied spin states (energies) of 
minority spin, respectively. ξ is the strength of spin-orbit coupling, and 
zL  and xL are the z and x 
components of the orbital angular momentum operator, respectively. Because the d orbitals of the 
majority spin are usually below the EF or fully occupied for FM materials (e.g. Fe, Co, CoFe), the 
influence from the E-field can be negligible (35,37). Thus, the modification of the MA from E-
field originates mainly from the change of d-orbital hybridization of the minority spin.   
Theoretical calculations also predict that the E-field can tune the interlayer exchange coupling 
(IEC) of the synthetic antiferromagnetic (SAF) structure (38,39). Specifically, both the strength 
and sign of IEC can be tuned either by using a ferroelectric (FE) layer to charge the interface of 
the FM/FE structure (38) or by inserting an insulating layer between the FM layer and spacer to 
change the reflectivity of the majority and minority spins (39). A SAF structure consists of two 
FM layers separated by a NM spacer. The strength and sign of the IEC strongly depends on the 
electronic properties of the FM and spacer layers (40). Based on the theory in Ref. 40, the strength 
(J) of IEC can be interpreted as the energy difference of quantum well states between FM and 
antiferromagnetic (AFM) coupling configurations of the two FM layers, which can be defined at 
T = 0 K as follows (38,40):  
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 are the complex reflectivities of majority spin (↑) and 
minority spin (↓) electrons of FM layer at the interfaces, and A is the area of the interface. Positive 
J corresponds to FM coupling and negative J denotes AFM coupling. From equation (1), the E-
field mainly influences the contribution of the minority spins, so the reflectivity of minority spins 
will also be modified. Combining equations (1) and (2), if a SAF stack includes an i-PMA structure, 
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an E-field could lead to the transition between the AFM and FM couplings and thus cause 180o 
magnetization switching.  
The SAF structure acting as a free and/or reference layer has been utilized in spintronic 
devices for more than a decade (41,42). It can not only enhance the efficiency of the spin torques 
due to spin accumulation at the NM/FM interface (43) but can also be used to realize the fast 
magnetization switching for STT devices (44) and field-free switching for SOT devices (45). 
Importantly, it has been demonstrated that an E-field can control exchange bias in both FM and 
AFM systems (9,10,14). In this paper, we report a new approach of E-field controlled 
magnetization switching for p-MTJs based on above theories and the SAF structure. In our p-MTJs 
stack, the perpendicular SAF (p-SAF) structure with a stack of FM1/NM/FM2/MgO is designed as 
a bottom free layer based on an i-PMA NM/FM2/MgO structure. When a positive E-field is 
applied, the electrons accumulate at the FM2/MgO interface which will decrease the MA of FM2 
layer. In this case, shifting of the EF increases the minority spin density (d-orbitals), which 
enhances the reflectivity of the minority spins in the NM/FM2 interface and leads to the FM 
coupling (J1>0) following the equation (2), as schematically shown in Fig. 1A. In contrast, the 
electrons are depleted at the FM2/MgO interface with the negative E-field, and the MA of FM2 
layer will be increased. In this case, as schematically shown in Fig. 1B, the EF shifting will decrease 
the minority spin density (d-orbitals), which leads to the reduction of the reflectivity of the minority 
spins in the NM/FM2 interface and thus induces AFM coupling (J1<0). Bidirectional magnetization 
switching of a p-MTJ refers to manipulating the P-AP magnetization configurations between the 
free and reference layers due to a specific driving force. The schematic of our p-MTJs with the 
stack of FM1/NM/FM2/MgO/FM3 is shown in Fig. 1C, which includes a top reference layer (FM3) 
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and a SAF free layer (FM1/NM/FM2) as well as a MgO tunnel barrier. The FM1 and FM2 layers 
antiferromagnetically couple each other through the NM spacer at the initial state.  
 
Fig. 1. The mechanism of E-field switching of p-MTJs. (A) Schematic of the FM coupling for the 
synthetic antiferromagnetic (SAF) structure with the positive E-field. When the positive E-field is applied, 
EF is shifted and the minority spin density (d orbitals) will be increased, the FM1 and FM2 layers form the 
FM coupling. (B) Same as (A) for the AFM coupling in the SAF structure with the negative E-field. The 
negative E-field shifts EF and the minority spin density (d orbitals) is reduced. The FM1 and FM2 layers 
form the AFM coupling. Based on the alternation between the FM and AFM couplings of SAF structure 
driven by E-field, the p-MTJ stack with the stack of FM1/NM/FM2/MgO/FM3 is proposed, as shown in (C). 
Where the positive E-field generates the FM coupling, the FM2 and FM3 layers present the antiparallel state, 
exhibiting the high resistance. However, the negative E-field leads to the AFM coupling, the FM2 and FM3 
layers exhibit the parallel state, showing the low resistance. 
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We assume that the magnetization of the FM2 layer in the SAF free layer is in parallel 
orientation with respect to the magnetization of the FM3 reference layer. When applying a positive 
E-field, the coupling between the FM1 and FM2 layers changes from AFM to FM, which results in 
an AP orientation between the FM2 (bottom free) and FM3 (top reference) layers. The p-MTJs is 
then in a high resistance state. When a negative E-field is applied, the coupling between the FM1 
and FM2 layers is switched back to the AFM coupling. In this case, the FM2 and FM3 layers are 
parallel, and the p-MTJ has low resistance. Thus, an E-field can be employed to tune the transition 
between FM and AFM couplings of two FM layers in the SAF free layer, providing a new method 
to implement bidirectional P-AP magnetization switching of p-MTJs.  
To demonstrate this E-field switching of the magnetization, we designed and fabricated a p-
MTJs stack (see Materials and Methods), as shown in Fig. 2A. This p-MTJ stack consists of a top 
reference layer (Co20Fe60B20(CFB)/Ta/[Co/Pd]n) (as the FM3 layer in Fig. 1C) and a bottom dual 
SAF free layer, FePd/Ru/FePd/Ta/CFB(where FePd/Ru/FePd as the FM1 layer and CFB as the 
FM2 layer in Fig. 1C). In the bottom dual SAF free layer, two L10-FePd layers are 
antiferromagnetically coupled through a Ru spacer (FePd p-SAF). The MA and IEC strength (JIEC) 
of the FePd p-SAF structure are calculated to be ~1.0×107 erg/cm3 and JIEC~-2.60 erg/cm
2, 
respectively (46). As shown in Fig. 2A, the FePd SAF structure then couples with a CFB layer 
through a Ta spacer, which also exhibits AFM coupling. Besides functioning as a spacer layer, the 
Ta layer also enhances the i-PMA of the CFB FM layer with the MgO tunnel barrier layer. A 
similar phenomenon has been observed in the Cr, V, Ru and Ir layers (20,22,28,29), and these 
structures are also very sensitive to the E-field. Figure 2B shows the out-of-plane magnetic 
hysteresis (M-H) loop of the dual p-SAF free layer with a stack of 
FePd(3.0)/Ru(1.1)/FePd(3.0)/Ta(0.8)/CoFeB(1.3) (where the numbers are in nanometers). A good 
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AFM coupling was observed among three FM layers. The FePd p-SAF structure presents the 
strong IEC with the spin-flip switching observed from the out-of-plane M-H loop (see Fig. S1). 
However, the FePd and CFB layers through the Ta spacer show a relatively weak AFM coupling 
resulting in a two-step switching (47), as shown in the inset of Fig. 2B.  
 
Fig. 2. The spin-transport property of FePd SAF p-MTJs. (A) Schematic of the designed FePd SAF p-
MTJs stack. Where two FePd layers first form the AFM through the Ru spacer, then couples with CoFeB 
via Ta spacer, forming the bottom dual SAF free layer. The CoFeB/Ta/[Co/Pd]n stack is designed as a top 
reference layer. (B) The out-of-plane magnetic hysteresis (M-H) loop of the bottom dual SAF free layer 
annealed at 350 oC. The inset is the minor M-H loop of the dual SAF structure, where the AFM coupling is 
observed between FePd and CoFeB layers. (C) Top view of 150-nm diameter FePd SAF p-MTJ pillar 
measured by scanning electron microscope. (D) The spin-transport property of 150-nm diameter FePd SAF 
p-MTJ devices with the different testing temperatures. 
This provides the capability of the stable FM coupling between FM1 and FM2 layer after 
removing the E-field. Subsequently, the p-MTJ stacks (named as FePd SAF p-MTJs) shown in 
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Fig. 2A were patterned into 150-nm diameter MTJ pillars by e-beam lithography and Ar ion 
milling, as shown in Fig. 2C (see Materials and Methods). The spin-transport properties 
(magnetoresistance versus external magnetic field, MR-H) of FePd SAF p-MTJs annealed at 350 
oC were measured by a standard four-probe resistance measurement technique by using a physical 
property measurement system (PPMS). It was found that the switching field (Hswf) of the dual p-
SAF free layer increases from 390 Oe to 700 Oe when the diameter of p-MTJs decreases from 500 
nm to 150 nm (see Fig. S2). Figure 2D shows the MR-H loops of 150-nm diameter FePd SAF p-
MTJs as a function of the annealing temperature. We observe a plateau in the high-resistance state 
and sharp magnetization switching between the P and AP states while sweeping the applied 
perpendicular external magnetic field (Hext), implying that both the free and reference layers 
possess good PMA. The MR ratio is calculated to be ~8.0% at room temperature (RT) and ~16.0% 
at 5 K. These values are a little lower than that of micro-sized FePd SAF p-MTJs (MR ~ 25%), 
which may be caused by the patterning process. A resistance-area (RA) product ~30 kΩ.μm2 is 
obtained with a 2-nm-thick MgO tunnel barrier. 
To quantitatively evaluate the E-field effect for the dual p-SAF free layer of FePd SAF p-
MTJs, the mean Hswf, effective magnetic anisotropy (Ku,eff), and coefficiency (ξ) of the voltage-
controlled magnetic anisotropy (VCMA) of the dual p-SAF free layer were obtained by measuring 
minor M-H loops and fitting the switching field distribution (SFD) (48). The 350 oC-annealed 
FePd SAF p-TMJ stacks were patterned into sub-100 nm diameter MTJ pillars by using an e-beam 
lithography and Ar ion etching (see Fig. S3 and supplementary text). The minor MR-H loops of 
the sub-100 nm FePd SAF p-MTJ devices were measured using a conductive atomic force 
microscope (C-AFM) by sweeping a perpendicular Hext as shown in Fig. 3A. In all the 
measurements here the AFM tip is grounded, and the Vbias is applied at the bottom electrode (see 
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supplementary text for details). Thus the positive (negative) Vbias corresponds to the negative 
(positive) E-field.  
 
Fig. 3. The E-field effect on FePd SAF p-MTJs. (A) Schematic of spin-transport measurement by 
C-AFM setup. A 20-nm diameter Pt-coated AFM tip contacts directly with the top electrode of a sub-100 
nm p-MTJ pillars. The AFM tip is grounded and the Vbias is applied at the bottom electrode. Thus, the 
positive Vbias corresponds to the negative E-filed, and the negative Vbias presents the positive E-field. The 
perpendicular external magnetic field (Hext) is applied to measure the minor magnetic hysteresis (M-H) 
loops. (B) The minor M-H loops of 100-nm diameter FePd SAF p-MTJ devices with the different Vbias 
swapping Hext from -1200 Oe to +1200 Oe. (C) The Hc vs. Vbias curve and (D) the Ku,eff vs. Vbias for a 100-
nm diameter FePd SAF p-MTJ device. Here the Hc (coecivcity) and Ku,eff (effective magnetic anisotropy) 
values are obtained by fitting the switching field distribution (SFD) with the Kurkijärvi-Fulton-
Dunkelberger equation. The coefficiency (ξ) of the voltage-controlled magnetic anisotropy (VCMA) for 
100-nm diameter FePd p-SAF p-MTJ devices was obtained from the linear fit. 
Figure 3B shows the minor MR-H loops of 100-nm diameter FePd SAF p-MTJs at different 
Vbias (Vbias=+0.75 V, -0.1 V and -0.75 V). The positive Vbias enhances the Hswf and the negative 
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Vbias reduces Hswf, indicating that the E-field significantly affects the MA of the bottom dual SAF 
free layer. Due to the stray field (dipole coupling) from the top reference layer, the shift of the 
minor MR-H loop was observed (48). To obtain the SFD, multiple MR-H loops were measured at 
a given Vbias. The mean coercivity (Hc) value was obtained by fitting SFD using the Kurkijärvi-
Fulton-Dunkelberger equation (48):  
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Here τ0~10-9 second is the attempt time, ν~350 Oe/s is the ramping rate of Hext, Ms~970 emu/cm3 
is the saturation magnetization of the bottom dual SAF free layer, kB is the Boltzmann constant 
and T=300 K is the testing temperature. The mean Hc as a function of Vbias of the bottom dual SAF 
free layer is summarized and depicted in Fig. 3C. Hc vs. Vbias exhibits a typical linear behavior 
corresponding to the VCMA effect, as predicted by theoretical calculations (33) and also through 
experimental results (17,19,21,22,24). The Hc value dramatically increases from ~145 Oe to ~900 
Oe when the Vbias sweeps from -0.75 V to +0.75 V. This increasing Hc value is more than one 
order magnitude larger than that of p-MTJs with a single CFB layer (24,48) (see Fig. S4). The 
enhancement of Hc for the dual SAF free layer is attributed to the increase of the MA of CoFeB 
layer by the E-field, further increasing the strength of the coupling between the FePd and CFB 
layers. The positive Vbias increases the MA of the Ta/CFB/MgO stack, which enhances the AFM 
coupling between the CFB and FePd layers, thus increasing Hc of the bottom dual SAF free layer. 
In contrast, a negative Vbias decreases the MA of the CFB layer, which leads to the FM coupling 
between the CFB and FePd layers and decreases the Hc of the bottom dual SAF free layer. We also 
calculated Ku,eff and evaluated ξ of the bottom dual SAF free layer at different Vbias values by fitting 
SFD using equation (3). The Ku,eff vs. Vbias curve is plotted in Fig. 3D. When Vbias changes from -
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0.75 V to +0.75 V, Ku,eff linearly increases from 0.15 Merg/cm
3 to 0.53 Merg/cm3. The ξ value is 
calculated by following the equation of 
2
( ) (0) biaseff bias eff
MgO
V
K V K
t

= − , where (0)effK  ~ 0.395 
Merg/cm3 is the MA of the bottom dual SAF free layer with Vbias=0, tMgO is the MgO thickness 
(48). By fitting the Ku,eff curve, ξ of the bottom dual SAF free layer is evaluated to be ~117 fJ/Vm, 
which is higher than that of recent work (ξ~100 fJ/Vm) (21,22).  
We now investigate and demonstrate the feasibility of the E-field switching of p-MTJ devices. 
The current vs. Vbias (I-V) curve of the sub-100 nm diameter FePd SAF p-MTJ devices was 
measured at RT by using the same C-AFM setup without applying Hext. The I-V curves were 
obtained by sweeping Vbias from -0.6 V to +0.6 V for 100-nm diameter FePd SAF p-MTJ devices 
annealed at 350 oC, as plotted in Fig. 4A. We observe a sharp magnetization switching (see zoom 
in figures in Fig. 4A) from P to AP at a negative Vbias~-0.46 V (I=-8.92 μA), and from AP to P at 
positive Vbias ~+0.48 V (I=+8.73 μA). The switching current densities (Jc) were calculated to be 
~1.13×105 A/cm2 and ~1.11×105 A/cm2 for the P-AP state and AP-P transitions, respectively. To 
further confirm the bidirectional magnetization switching using only E-field in FePd SAF p-MTJs, 
the current vs. time traces were measured while applying the voltage pulses on the same 100-nm 
diameter FePd SAF p-MTJ, as presented in Fig. 4B. During the measurements, negative and 
positive 0.85 V amplitude pulses were applied for write, and a relatively small read voltage of 
negative 0.1 V was used to monitor the changes in current values in-between the write pulses. As 
shown in Fig. 4B, we find that the p-MTJ has a high I value at the initial state (P state), after 
passing a negative writing pulse of -0.85 V, the device switches to an AP state and a low I was 
observed at the read voltage. Then, when a positive writing pulse with an amplitude of +0.85 V 
voltage was passed, the device switches back to P state and a high I value was observed at the read 
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voltage. The RT MR ratio is calculated to be 26.0%, which is the same as that of the micro-sized 
FePd SAF p-MTJ devices after annealing at 350 oC (46).  
 
Fig. 4. E-field switching of p-MTJs. (A) The current vs. voltage (I-V) curve for a 100-nm 
diameter FePd SAF p-MTJ device measured by C-AFM without applying Hext. Clearly, the sharp 
magnetization switching was observed by applying a negative Vbias~-0.46 V (I=-8.92 μA) and a 
positive Vbias ~+0.48 V (I=+8.73 μA), respectively, indicating the P-AP and AP-P states. (B) The 
current vs. time trace measured for the same device. The negative and positive 0.85 V voltage 
pulse was applied for a write operation, and a negative 0.1 V was used to read the current levels 
to check the device state (P or AP state).   
This also indicates that the write voltage pulse does not affect the MR ratio of p-MTJs. These 
switching results match the above discussed mechanism of E-field switching of p-MTJs. Also, 
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because of the large RA product (~30 kΩ.μm2) and low switching current density ~1.1×105 A/cm2, 
the effect of STT effect should be negligible (49). 
Most importantly, E-field switching of the magnetization is also observed in 35-nm diameter 
FePd SAF p-MTJs annealed at 400 oC (see Fig. S5). The thermal stability of this device satisfies 
the requirement of the integrated temperature (the BEOL process) for the existing CMOS 
technologies. The magnetization switches from P-AP state and AP-P state at Vbias ~-2.06 V (I=-
8.8 μA) and Vbias~ +1.8 V (I=+5.7 μA), respectively. The corresponding RT MR ratios are ~5.5% 
for AP-P state with Jc~1.4×10
5 A/cm2 and ~5.7% for the P-AP state with Jc ~ 2.2×10
5 A/cm2. 
Furthermore, our 60-nm diameter p-MTJ devices annealed at 350 oC presents the unique property 
of the Vbias-controlled random telegraphic magnetization switching (see Fig. S6). The random 
binary magnetization switching is first observed when the positive Vbias is larger than +1.28 V. 
When continue increasing the Vbias, the random telegraphic magnetization switching appears. 
These characteristics of p-MTJs obtained could inspire new possibility to realize the stochastic 
computing and stochastic spiking neural networks. 
In conclusion, we report and demonstrate a reversible bidirectional magnetization switching 
using only an E-field in FePd SAF p-MTJs with the bottom dual SAF free layer. These 
experimental results present a crucial step towards E-field controlled spin memory and logic 
devices with the ultra-low energy and the potential for easy integration with the current CMOS 
technologies. Furthermore, the results of the Vbias-controlled telegraphic magnetization switching 
also provide a framework for other applications such as the spintronic-based stochastic computing 
and neuromorphic computing.  
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